This paper describes the design and implementation of a low frequency hydrophone calibration system, using a vibrating water column. The hydrophone to be calibrated is immersed in the water column and the position of the transducer is kept constant while a hydrodynamic pressure field is generated in the water column by means of a shaker (similar to what is described in IEC 60565). F. Schloss et al. used a vibrating water column for hydrophone calibration in the frequency range from 10 Hz to 700 Hz. 1 An interlaboratory comparison calibration was carried out by the Russian Metrological Institute of Technical Physics and Radio Engineering (VNIIFTRI) and Hangzhou Applied Acoustics Research Institute (HAARI) in the frequency range from 250 Hz to 1 kHz. 2 The dimensions of the test vessel are important for deciding the frequency range of operation. Simulations were carried out for the selection of vessel material and dimension. To overcome limitations in the frequency range caused by resonance in the water column, the principle of operation was modified from absolute calibration to calibration by comparison. By using a single cylindrical vessel, the frequency range is extended to cover frequencies from less than 100 Hz to 1 kHz. The calibrated reference hydrophone type Bruel & Kjaer (B&K) 8104 is used in this calibration. Some results obtained from the use of the calibration system are also presented in this paper.
INTRODUCTION
There is an increasing requirement to perform measurements of sound in the ocean for both environmental monitoring and assessment. Most of the sound sources of environmental concern, including marine species, emit much of their energy in the 20 Hz to 1 kHz frequency range. Traceable calibrations of the hydrophones used are required to support these measurements. However, free field calibration of hydrophones in laboratory test tanks is not possible at such frequencies (due to limited tank dimensions), necessitating the use of calibration methods such as the one described herein. This calibration is fundamental for accurate measurements and to estimate the characteristics of hydrophones. The most significant parameter in specifying hydrophone performance is its free field sensitivity (M H ) expressed as a function of frequency. M H can be expressed as a quotient of the voltage and sound pressure: 1
where v is the electrical output voltage from the hydrophone and p is the acoustic pressure acting on the hydrophone. In general, the sensitivity can be measured using comparison and reciprocity calibration methods in a free field environment (e.g. acoustical water tanks, ponds, and lakes). Free field methods are limited with respect to the lowest frequency of operation. If the calibration is carried out with a tone burst signal, the received signals may be contaminated by transients. This is due to the resonant behaviour of the transducers, which depend on the Q factor. Further, the duration of the tone burst must be limited in order to avoid interference between the direct signal and signal reflections from the water surface and tank walls.
As the calibration frequency is decreased, the number of cycles in the useable time window is reduced. This effect defines a lower limiting frequency for measurements made using tone burst signals.
As an alternative to free field calibration in an acoustical water tank, a number of different methods for low frequency calibration of hydrophones exist. These include calibration by piezoelectric compensation, 3 acoustic coupler reciprocity calibration 4 and calibration with a pistophone. 5 In the piezoelectric compensation method, the hydrophone is calibrated in an enclosed small water-filled chamber. This method, which works only for frequencies with a wavelength sufficiently larger than the largest dimension of the chamber, 3 is useful for calibration in the 1 Hz to 5 kHz frequency range. For our required frequencies, more than one chamber is required in order to cover the full frequency range. Acoustic coupler reciprocity calibration is an absolute calibration method using the reciprocity principle. 4 Though laboratory standard hydrophones may be calibrated with the highest accuracy, the coupler is not a good option to calibrate hydrophones that are large or to calibrate hydrophones near the resonance frequency. In a pistophone, a continuous sound pressure is generated in an enclosed small air-filled chamber by a vibrating piston. 5 This technique may not be used at frequencies greater than the upper limiting frequency because of non-uniform pressure in the chamber.
The benefit of using water versus air is that, due to different propagation velocities in water and air, the wavelength in water is much longer than that in air; therefore the useable frequency range is expanded by the relation between the two velocities. An absolute pressure calibration of the hydrophone can also be performed at low frequencies by immersing the hydrophone in 
